Abstract: Focusing on the idea that multivalent cations affect SOM matrix and surface, we treated peat and soil samples by solutions of NaCl, CaCl 2 or AlCl 3 . Water binding was characterized with low field 1 H-NMR-relaxometry (20 MHz) and 1 H wideline NMR spectroscopy (400 MHz) and compared to contact angles. From 1 H wideline, we distinguished mobile water and water involved in water molecule bridges (WaMB). Large part of cation bridges (CaB) between SOM functional groups are associated with WaMB. Unexpectedly, 1 H NMRrelaxometry relaxation rates suggest that cross-linking in the Al-containing peat is not stronger than that by Ca.
INTRODUCTION
In addition to soil physical characteristics based on pore space topology, the soil water contact angle controls further soil hydrological properties. In this context, numerous research activities have focused on the wettability of soils and the physical and chemical reasons for the occurrence of soil water repellency. Soil water repellency is a world-wide phenomenon and significantly affects transport of water, nutrients and pollutants . Reduced wettability is often linked with dryness of soil (Doerr and Thomas, 2000) , pH effects (Diehl et al., 2010) and surface active compounds (Graber et al., 2007) and other factors . Numerous studies have been carried out to unravel the relation between water content and soil water repellency in order to develop the conceptions of critical water content, actual and potential water repellency (Ritsema and Dekker, 1994) . On the other hand, repellency showed one, sometimes even two repellency maxima at intermediate to small water contents between air-dried states and wilting points (King, 1981) . De Jonge et al. showed significant influence of soil texture on soil water repellency (De Jonge et al., 1999) .
Sample history was found to have additional impact on soil water repellency (Diehl and Schaumann, 2007; Hurraß and Schaumann, 2006) , and changes in repellency are not fully reversible after rewetting (Bayer and Schaumann, 2007; Doerr and Thomas, 2000) . The observation that equilibration time significantly affects the soil water contact (Diehl et al., 2009; Hurraß and Schaumann, 2007) , showed that water content alone cannot explain changes in soil wettability.
Soil organic matter (SOM) contributes in considerable way to the biogeochemical interfaces in soil as it has been formed mainly by biological processes. It was identified as one of the most relevant factors affecting wettability of soil . Although organic coatings on mineral particles or particulate organic material are considered to be responsible for water repellency , it has become evident that soil water repellency cannot be caused by single substances (Ma'shum et al., 1988) . The amount of polar and non-polar functional groups in amphiphilic organic substances appears to be of great importance (Doerr et al., 2006) . Microbial biofilms, for example, can affect the soil-water contact angle depending on the surface hydrophobicity of the bacterial cells . Furthermore, mechanisms inducing water repellency can vary between different soils and locations (Diehl and Schaumann, 2007; Diehl et al., 2010) . In order to explain timeand history-dependent changes in surface characteristics, among others, conformational re-arrangement of amphiphilic molecules or molecule sections has been proposed (Diehl et al., 2009; Graber et al., 2009) .
Although there is a consensus that the changes in surface properties are closely linked to SOM characteristics, the suggested processes do currently not form a model capable to predict changes in soil water contact angle. Deeper understanding on the functioning of SOM with respect to surface properties is required. This deeper understanding requires knowledge of SOM structure. SOM has to be considered as a highly heterogeneous and polydisperse mixture of organic compounds from different origins and various states of degradation (Schaumann, 2006a, b) . Current models of SOM can neither predict nor fully explain the role SOM is playing with respect to soil water repellency. More research has been done on the relation between SOM structure, surface properties and sorption of organic chemicals. Ideas and models developed in this field of research can help to unravel the unknown relation between SOM structure and SOM surface characteristics in general. Polymer models (Leboeuf and Weber, 1997) were the first models suggested, which account for slow changes in SOM and their effect on sorption of organic chemicals and predict a connection between matrix aging and contaminant aging (Leboeuf and Weber, 1997) . Although they do not explain yet changes in SOM surface characteristics, the polymer models are thus the first models implying that the SOM matrix is subjected to slow, continuous changes. They furthermore suggest a well-defined process in polymer chemistry, namely physical aging of polymers, to account for the slow changes observed in SOM.
Based on this model, relations between polymer characteristics (e.g., glass transition behavior) and sorption characteristics (e.g., sorption nonlinearity and hysteresis) have been searched, but direct relations to classical glass transition behavior and sorption remained rare especially for organic matter in soils (Schaumann, 2006a) . This discrepancy may be explained by additional processes contributing to supramolecular structure and overbalancing the classical glass transitions (Schaumann, 2006a) or by the assumption that SOM does not consist of macromolecules but represents supramolecular associations of relatively small molecules (Conte and Piccolo, 1999; Wershaw, 1986) . A review on models of SOM (Schaumann, 2006b) suggests that the combination of the apparently contradictory polymeric and supramolecular views may help to improve our understanding of structure and functioning of soil organic matter.
A supramolecular assembly is a multi-component system of ions and molecules which are held together by non-covalent interactions like hydrogen bonds, van der Waals forces, π-π interactions, or electrostatic effects. Supramolecular assemblies are usually far less stable than molecular compounds and could, therefore, be involved in slow, partially irreversible changes following changes in environmental conditions. Both supramolecular and polymer models are based on inter-and intramolecular interactions and supramolecular structures rather than the individual molecular structure. They predict a significant flexibility of SOM in reaction on environmental conditions, which is much larger than that of any homogeneous material, resulting in an ecologically relevant power of SOM quality. The most relevant characteristics of SOM from this point of view are its polydispersivity and heterogeneity. Furthermore, large parts of SOM are amorphous, their structure is not in equilibrium, but changeable and dynamic, which involves SOM matrix aging, and dynamics are controlled by matrix rigidity and environmental conditions (moisture, temperature, physicochemical environment). Matrix rigidity is not only controlled by structural factors (e.g. aromaticity, chemical cross-links), but also by physical and physicochemical interactions between segments of OM molecules (Schaumann, 2006a, b) .
A significant factor for matrix rigidity are cross-links between SOM molecule sections mediated by water molecules (Aquino et al., 2009; Schaumann and Leboeuf, 2005; Schaumann and Bertmer, 2008) , which currently is the only explanation accounting for the unexpected thermal and aging behavior of peat and numerous soil samples, or by mono-and multivalent cations (Kunhi Mouvenchery et al., 2012; Lu and Pignatello, 2004; Schaumann, 2000) . Formation and disruption of water molecule bridges or cation bridges may close or open sorption sites in soil organic matter and immobilize certain otherwise unstable molecular arrangements at the surface. Numerous studies have concluded to this cross-linking effect (e.g., Simpson et al., 2002; Lu and Pignatello, 2004) . While increasing evidence has been gained supporting the water molecule bridge model (WaMB) on the molecular scale (Aquino et al., 2009; Schaumann and Bertmer, 2008) , only lately, new findings about the nature of cation bridges (CaB) in SOM have been obtained. The CaB model is currently under discussion as summarized in the review paper of Kunhi Mouvenchery et al. (2012) . The current research confirms that multivalent cations can form coordinative cross-links in SOM, but the status of these CaB is determined not only by the interaction between cations and functional groups, but also by the spatial arrangement of the functional groups in the OM matrix (Kunhi Mouvenchery et al., 2012) . The observation that the cation effects on matrix rigidity increase with aging time over several months (Schneckenburger et al., 2012) suggests that the initial associations between CaB and WaMB increase in stability due to re-organisation of water molecules in the WaMB cluster, i.e., via physicochemical aging (Schaumann, 2005) .
The existence of these supramolecular CaB-WaMB associations still needs further verification by additional methods, which are capable to characterize soil-water interactions. 1 H NMR relaxometry and 1 H NMR wideline analysis, which have been introduced into soil science only recently (Jaeger et al., 2011; Jaeger et al., 2010; , are among the most promising techniques regarding these questions. A review on the potential and current applications of NMR relaxometry in soil science applications can be found in Bayer et al. (2010) . NMR relaxometry is a sensitive method to study many kinds of physicochemical soil interactions, among which are wetting, swelling or changes in macromolecular status . It is further a very helpful method to study interactions between molecules in soil organic matter and can serve to study the state of binding of water or organic chemicals to soil organic matter .
1 H NMR relaxometry also may be a very helpful means to investigate the proposed WaMB and CaB models. By the method of 1 H NMR relaxometry, the proton spins are manipulated and the recovery of equilibrium magnetization is observed, where the relaxation time is the time constant of this first order relaxation process. 1 H NMR relaxometry, therefore, addresses water molecules or H-containing organic molecules. In this context, it can, among others, serve as a tool to study mobility of molecular segments in biopolymers as well as humic substances and soil organic matter .
The relaxation times assessed in NMR relaxometry depend on numerous parameters like surface relaxivity, diffusion and interactions between nuclei as well as between nuclei and the environment. The longitudinal relaxation time (T 1 ) describes the buildup of equilibrium magnetization in the direction of the external magnetic field due to energy exchange between the magnetic spins and the surrounding matrix. T 1 can be either increased or decreased by a reduction in mobility, depending on the Larmor frequency and the correlation time for the relaxation-relevant interaction (Dunn, 2002) . In the solid state, a reduction in mobility increases T 1 values.
Most solid-state NMR analyses of whole soil or SOM use 13 C CPMAS (cross-polarization, magic-angle spinning (Schaefer and Stejskal, 1976) ) or DPMAS (direct polarization) spectroscopy. Both techniques reveal differences among carbon-containing functional groups that can be characterized (Conte et al., 2004; Smernik and Oades, 2001 ) and with precautions also carboxylic groups (Conte et al., 2002; Mao and Schmidt-Rohr, 2004 ).
Due to the effect of the homonuclear dipolar interaction, solid-state 1 H NMR spectroscopy suffers from lower resolution compared to 13 C NMR investigations. In fact, the strong protonproton dipolar interactions in solids together with the small chemical shift range of 1 H compared to 13 C result in broad lines with limited resolution even at higher spinning speeds which prevent any detailed signal assignment. However, since our interest is mainly on the water, its mobility, and network ability in soils, 1 H wideline NMR spectroscopy offers to be a good method for the analysis of soil water dynamics. In this case, there is no chemical shift resolution, but more importantly there is a clear differentiation of mobile and rigid protons because of their differences in homonuclear dipolar coupling. This offers for us the possibility to quantify the amount of mobile and rigid protons and to observe changes based on different external influences such as heat, varying conditioning steps, and different cations.
The objective of the study presented in this publication was to obtain deeper insights into the interactions between organic matter, cations and water molecules in order to understand the processes controlling SOM matrix properties on the supramolecular scale and relate them with effects on the soil water contact angle. Based on a joint experiment in the context of the German research priority program on biogeochemical interfaces in soils (SPP1315), this contribution is one of a larger series which has the objective to elucidate the role of multivalent cations in soils, gain mechanistic insights in the SOM-cation interactions and demonstrate the relation between processes occurring in the interior of SOM with the phenomena observed at the surface. In this study, we applied techniques of NMR relaxometry and NMR wideline spectroscopy to specifically investigate the hypothesis that water binding in SOM is controlled by CaB, WaMB and CaB-WaMB associations between individual SOM segments and that these supramolecular structures control hydrophobicity at the surface.
MATERIAL AND METHODS

Site description and soil samples
For this methodical study, we chose a sapric peat sample and a sandy soil sample to have two samples with contrasting contents of organic matter. The sapric peat (SP) sample was taken from Totes Moor and revealed an organic carbon content of 53% and a cation exchange capacity of 123 mmol c kg -1 . "Totes Moor" is located ~30 km north-west of Hannover and consists of peat bog areas and fen areas. The samples were taken from a profile above a drainage channel from a stronger decomposed sapric peat (SP) layer (> 30 cm) underlying an upper fibric peat layer (0-30 cm) with a lower degree of humification.
The sandy soil sample was taken from the Ah of a gleyic podzol from the Fuhrberger Feld, Lakwiese (LW), Fuhrberg, Lower Saxony, Germany. This sample contained 1.3% organic carbon and revealed a cation exchange capacity of 36 mmol c kg -1 . "Fuhrberger Feld" is located ~30 km north of Hannover in a valley sand plain. The samples were taken from the top 20 cm. For further information please refer to Jaeger et al. (2011) .
Samples were air-dried, homogenized whereby crusts and aggregates were gently destroyed using a spatula of stainless steel, sieved to < 2 mm, and stored for at least two weeks at 31% RH and 19°C to obtain a comparable water potential in all samples prior to cation treatment. Cation treatment was in this special study carried out without further adjustment of pH, because adjusting the pH would have affected the ion composition, especially with regard to the monovalent cations. We, therefore, expect to observe combined pH and cation effects in this study. In another upcoming study, we will investigate the cation effect at defined pH, expecting combined effects of monovalent and multivalent cations.
Cation treatment
For cation treatment in this study, the samples were shaken for 3 hours with a solution to soil rate of 25 mL g -1 for SP and 10 mL g -1 for LW samples. The following solutions were used: Control: H 2 O demineralized, "H": H 2 O dest. + 30 g Amberlite®IR hydrogen form in gaze bags (PP-149/34) per 600 mL solution, "Na": 0.01 M NaCl, "Ca": 0.01 M CaCl 2 , "Al": 0.01 M AlCl 3 . After shaking, samples were filtered with a Büchner funnel over filter paper circles (589/2, VWR) and dried at 25°C for 4 days. Aggregates and crusts developed during drying were gently destroyed with a spatula of stainless steel and samples thoroughly homogenized. Subsamples were subjected to an additional temperature treatment at 60°C (2*12 h) in 250 mL glass bottles with PP screw caps (DURAN, Germany). Thus, we obtained samples with no temperature pre-treatment ("25°C") and samples additionally pre-treated at 60°C ("60°C" samples). After the sample treatment, all samples were stored isothermally at 20°C and 31% relative humidity for at least 8 weeks prior to measurement. Sample characteristics are summarized in Table 1 .
The amount of NH 4 Cl exchangeable cations was determined by Tatjana Schneckenburger and Sören Thiele-Bruhn modifying the method of Trüby Aldinger (1989) by shaking 0.5-1.0 g of air-dry soil with 40 mL of 1 M NH 4 Cl for 2 h. The extracts were analyzed for Na, K, Mg, Ca, Fe, and Al using atomic absorption spectroscopy (AAS; Varian AA 240 FS, Darmstadt, Germany).
H NMR relaxometry
NMR Relaxometry was conducted for all samples pretreated at 25°C.
1 H relaxation times, T 1 , and their reciprocals, the relaxation rate, R 1 , were acquired on a Stelar Spinmaster-FFC-2000 Fast-Field-Cycling Relaxometer (Stelar s.r.l., Mede, PVItaly) at a constant temperature of 298 K. A non-prepolarizing sequence Kimmich and Anoardo, 2004) was applied for recording the evolution of the longitudinal magnetization at a value of the relaxation magnetic field (B RLX ) corresponding to a larmour frequency (ω L ) of 20 MHz for a period of time (τ) arrayed with 128 values, chosen in an exponential progression from 2.3 to 233 ms. The minimum measurable T 1 is 3 ms. The exponential progression ensured the covering of the entire relaxation curve of interest. Finally, a 1 H 90° pulse was used at the starting of the acquisition period contemporarily to an acquisition magnetic field (B ACQ ) corresponding to a ω L of 16.2 MHz. The observable magnetization was revealed as free induction decay (FID) with a time domain of 100 µs sampled with 512 points. 64 scans were accumulated. The Upen algorithm (UpenWin 1.03 (Borgia et al., 1998 (Borgia et al., , 2000 ) has been applied to obtain the T 1 distribution curves at the 1 H Larmor frequency of 20 MHz. The T 1 distribution curves were exported to OriginPro 7.5 SR6 (Version 7.5885, OriginLab Corporation, Northampton, MA, USA) in order to perform deconvolution with Gaussian functions and to recover the different components giving rise to the longitudinal relaxation time distributions. The number of Gaussian functions which were included in the deconvolution process without unreasonably increasing the number of parameters, were determined by applying the Merit function analysis (Halle et al. WC (weight %) 25°C 4.9 (± 4.6) 7.7 (± 0.8) 8.2 (± 0.9) 9.8 (± 0.6) 8.5 (± 0.8) 1998). For the present study, two Gaussian functions were used for the deconvolution fit of all the T 1 distributions obtained by UPEN. The center of each of these two functions characterizes the relaxation time of a fast and a slowly relaxing proton population, respectively.
H NMR wideline spectrocsopy
NMR wideline experiments were carried out for all samples using a Bruker Avance 400 spectrometer operating at a magnetic field of 9.4 T and a 1 H frequency of 400.13 MHz. Samples were put in 4 mm MAS rotors used without spinning. The 1 H π/2 pulse length was 2.7 µs and recycle delays were on the order of 3 s. To remove contributions from the 1 H background signal from the probe, the DEPTH-sequence (Bendall and Gordon, 1983 ) was used. For more details on the optimization of 1 H wideline experiments on soil samples, see ref. (Jaeger et al., 2011) . Analysis of the resulting spectra was done using the dmfit program (Massiot et al., 2002) . For the simplest approach, mobile proton signals were simulated using a narrow Lorentzian lineshape, and rigid proton signals were simulated using a broad Gaussian lineshape. Changes to the relative composition of Lorentzian and Gaussian lines at room temperature were observed prior and after heating the sample at 110°C for 30 minutes in closed containers, with the measurement performed at room temperature. We hypothesize that by this heating event, hydrogen bonds involving water molecules are disrupted which can only slowly rebuilt within days to weeks (Schaumann and Bertmer, 2008) . In this term, a larger Lorentzian line intensity following the heating event indicates the presence of water only slowly re-occupying binding sites. In contrast, water molecules sorbed to classical binding sites, are expected to re-sorb fast upon cooling to their sites and can, therefore, not be identified by this heating event experiment. The larger the increase in amount of Lorentzian signal following the heating event, the higher is the increase in the mobile proton population, and the more water molecules were fixed in a hydrogen bonded network beforehand.
Sessile drop contact angle
For the samples pretreated at 25°C, the sessile drop contact angle was measured according to Bachmann et al., (2000) . For this, the soil samples were carefully sticked to a glass slide provided with a double-sided adhesive tape, loose grains were removed by a stream of air and then a water droplet was placed on the thin soil layer. The sessile drop shape was recorded with a digital camera, and the contact angles were determined graphically as described by Bachmann et al. (2000) .
RESULTS AND DISCUSSION Cation content, water content and pH
Except for the Na sample, the cation treatment generally resulted in the intended change in the respective cation content for exchangeable cations (Table 1 ). In the Al-treated sample, large amounts of all cations were replaced by Al, while a part of the Al remained in the soil and peat upon Ca treatment. The cation composition in the Na sample did not change significantly except a slight increase in exchangeable Na. This result is not surprising given the differences in exchange efficiency between Na + , Ca 2+ and Al 3+ . The water contents (Table 1) in our study are a measure for the water binding capacity of the samples, because the water content results from an isothermal equilibration of the samples in a defined atmosphere of 31% relative humidity. The water contents in the soil samples with changed cation status range between 0.2 and 0.4%, while the control soil sample revealed a water content of 0.1 ± 0.1%. Water contents in the cation treated peat samples (8.2-9.8% for the 25°C treatement and 9.1-9.6% for the 60°C treatment) were larger than those of the respective controls (4.9±4.6% and 8.7±0.1%, respectively). Thus, for both samples, cation removal as well as cation addition increased the water holding capacity. Also for both samples, the strongest increase in water content was obtained by Ca treatment and lowest increase was observed for H treatment.
More striking, but also not unexpectedly, the pH showed large variations between the samples. The pH varied in the peat between 2.8 (Al sample) and 4.0 (Na sample), whereas in the soil, it ranged from 3.5 (H sample) to 6.6 (Na sample). In the pH range relevant for our samples, the phenolic groups remained predominantly protonated. The carboxylic groups, however, span a wide range in deprotonation status between the samples, from 6% (Al) to 50% (Na) in the peat samples and from 24% (H) to 100% (Na) in the soil sample (Fig. 1) , assuming an average pKa of 4.0. In addition to interactions of metal cations with uncharged hydroxylic and phenolic groups, we, therefore, expect interactions involving both protonated and deprotonated carboxylic groups in different ratios, depending on the deprotonation status. Most strikingly the Al peat sample does not reveal significant amounts of carboxylate groups. In the soil samples, however, even the Al sample reveals 50% carboxylate groups.
Relaxation time distributions and relaxation rates
While the 25°C-treated peat samples revealed high signal intensity, signal intensity was too low and longitudinal relaxation was too fast for the corresponding soil samples to evaluate the relaxation decays (data not shown) due to the low content of water and organic matter. The following paragraph, therefore, concentrates on the development of the relaxation times in the peat samples pretreated at 25°C. Fig. 2A displays exemplarily the T 1 distribution of only one of the samples used in the present study (the H sample). The figure shows that two different relaxing components can be identified at the relaxation field of 20 MHz. The fast relaxing component in all samples was characterized by a T 1 value which was always below 10 ms being the shortest in the control (8.1 ± 0.2 ms) and the longest in the Na sample (11.4 ± 0.2 ms) ( Table 2) . On the contrary, the slowly relaxing component resulted in values larger than 20 ms with the shortest value for the Al sample (23.8 ± 0.2 ms) and the longest for the Na sample (30.7 ± 0.2 ms) ( Table 2 ). It is remarkable that the relative intensities of the fast component ranged between 53% and 59% for all samples except the Na sample (76%). Thus, Na samples contain a significantly larger amount of fast relaxing water protons than all other samples, but their relaxation is the slowest.
Longitudinal relaxation time is the lifetime of the first order process which returns the magnetization to the Boltzmann equilibrium (Bakhmutov, 2004) . The reciprocal of the relaxation time is a measure for the relaxation rate (R 1 ). Its value is affected by many factors all related to the strength of the dipolar interactions among the nuclei interacting in the lattice (Bakhmutov, 2004) . Moreover, longitudinal relaxation is only possible when all the frequencies of the fluctuating magnetic fields created in the lattice by the fluctuations of the nuclear magnetic dipoles are similar (Bakhmutov, 2004) . On this basis, it can be pointed out that faster motions decrease dipolar interaction strengths, thereby reducing the relaxation rate. Conversely, slower molecular dynamics can be associated to faster spinlattice relaxation due to stronger intra-and interproton dipolar interactions. Longitudinal relaxation times are also affected by organic and inorganic paramagnetism which increases the rate of relaxation De Pasquale et al., 2012) . However, since all the samples in the present study have the same characteristics, this allows for a comparison among sample behavior . In these terms, we interpret the relaxation rate as a measure for molecular rigidity in the respective domain: the larger the rigidity, the larger is the relaxation rate. The two differently fast relaxing components thus suggest the presence of a more rigid, fast relaxing domain and a more mobile, slowly relaxing domain. Both domains can be associated to water molecules and organic subunits which interact between each other as explained below. Fig . 2B visualizes the relaxation rate, R 1 , versus sample treatment for both the slowly and the fast relaxing components, respectively, of the 25°C treated samples. The rigidity associated with the slowly relaxing component is lowest for the H and Na sample. Within the cation treatments, rigidity increases with increasing cation valency. Similarly, the fast relaxing component is higher for Al and Ca treatment than for Na treatment, but here, the cation free H sample also reveals considerably high rigidity. Thus, the two populations of water molecules react differently on cation removal, but comparably on cation addition. Fig. 3 shows exemplarily the 1 H wideline spectrum of the control peat sample prepared at 25°C prior to heating together with the deconvolution into a Gaussian and a Lorentzian line, showing very good agreement between experiment and simulation. The linewidths of the Gaussian and Lorentzian lines were about 40 kHz and 2.3 kHz for the peat and 44 kHz and 7.3 kHz for the soil samples, respectively (data not shown). The higher linewidth for the Lorentzian line of the soil samples than for the peat samples preferably results from the lower amount of water and probably the influence of paramagnetic species, mainly Fe(III) compounds. The effect of iron should, however, affect the Gaussian line more strongly than the Lorentzian. A smaller Lorentzian linewidth for the peat samples indicates higher mobility of relaxing proton populations compared to the soil samples. For the peat samples, virtually no changes to the linewidths can be seen with the Gaussian linewidth being only slightly smaller after the heat cycle. In the soil samples, the same effect is seen on the Gaussian linewidth though to a slightly larger extent. For the Lorentzian linewidth in the soil samples, variations with the type of cation are observed, with the linewidths increasing in the order Na < Al < control < H < Ca for the 25°C samples and control < Al < Ca < Na < H for the 60°C samples. Linewidth thus indicates lowest water mobility in the H and Ca-treated samples, while after heating to 60°C, also the Na-treated sample reveals water of considerably low mobility. The Lorentzian and Gaussian intensities following deconvolution are summarized in Table 3 . Graphical representations are shown in Fig. 4 exemplarily for the 25°C pretreated samples. Before heating, the contribution of the Lorentzian line to the total wideline signal varies between 33% and 35% for the peat samples and between 23% and 35% for the soil samples, respectively. This indicates a significantly lower percentage of mobile proton population in the soil sample than in the peat sample, which is -among others -a consequence of the lower water content and of the presence of mineral components in the soil. Furthermore, it cannot be excluded that paramagnetic centers in soil lead to a faster relaxation of the proton signals thereby resulting in a higher linewidth. The sample treatments show significant effects on the 1 H wideline spectra, which express, however, in a different way for the soil and the peat samples. For the peat sample, desalination and Al 3+ treatment resulted in the highest percentage of Lorentzian line (35%), followed by Ca 2+ treatment. No significant effect was observed for Na + treatment. In contrast, desalination of the soil sample led to far the lowest Lorentzian percentage (23%), while the control and the Ca sample reveal the highest Lorentzian percentage (32% and 35%, respectively).
H wideline NMR
For all samples, the relative intensity of the Lorentzian line increases after the heating process. This can be understood in a way that heating destroys binding of rigid hydrogen-bonded water molecules and increases the more mobile proton population. The increase in Lorentzian line following the heating event is larger for the soil samples, indicating a stronger increase in mobile protons than in the peat samples. In the peat, the heating event induced the strongest increase in the amount of Lorentzian in the Ca-or Al-sample and in the control. In contrast, the Al-treated soil and its control revealed the lowest increase in Lorentzian line among all cation treatments. Heat pretreatment at 60°C has almost no effect on the intensity of the Lorentzian line, except for the control and Ca soil sample where the intensity drops significantly by more than 4%. In this case, the heating event-induced increase in Lorentzian signal is strongest in the Ca-, Al-treated samples and the control (Table 3 ).
The deconvolution of 1 H wideline spectra of peat and soil samples into just two lines is clearly an oversimplified strategy given the complicated composition of soil organic matter and is primarily based on the fact, that lineshapes in solids are by theory Gaussian and in liquids Lorentzian. A fit with more lines can be done, but it does not improve the quality of the fit (data not shown). Nevertheless, the clear differentiation of mobilities with strongly differing linewidths is striking by just looking at the spectra.
Assignment of structural features to the NMR signals
It would be obvious that both the mobile proton population represented by the Lorentzian line in the 1 H wideline spectra on the one hand, and the proton population contributing to the slowly relaxing component at 20 MHz on the other hand, are identical. If this assumption would match, the percentages of these two proton populations would correlate positively to each other. This is, however, not the case (data not shown). The reason is, that 1 H wideline spectra at high field and low-field relaxation measurements probe different structures in soil organic matter. While high-field spectra sample all protons (or at least most of them disregarding ultra-wideline 1 H signals due to the deadtime problem), low-field relaxometry is less sensitive to rigid structures due to larger deadtime (> 150 µs, depending on the instrumentation). Therefore, the two components present in the 20 MHz relaxometry measurements represent the population of the Lorentzian lineshape in the wideline spectra, although it cannot be excluded that relaxometry detects part of the protons from the Gaussian line. Assuming that each of the four signals Lorentzian (L), Gaussian (G), slowly relaxing protons (S), fast relaxing protons (F) originate from the contribution of proton populations with different mobility characteristics, we hypothesize the contribution of mobile proton populations (PM) and rigid proton populations (PR) as shown in Table  4 and discussed below.
The Lorentzian line is strongly dominated by mobile proton populations with a degree of freedom comparable to liquids. We suggest interpreting these mobile proton populations (PM) as mobile ('free') water molecules. Additionally, from the organic matter -in principle -small molecule fragments or mobile sidechains such as methyl groups could also contribute to the Lorentzian line. However, 1 H wideline and MAS spectra indicate only very small amounts of methyl groups (Jaeger et al., 2011) . Although we cannot finally exclude additional contribution by mobile organic matter protons in PM to the 20 MHz relaxation process (Conte et al., 2009) , we can reasonably assume that protons of mobile water molecules are mainly observed at 20 MHz due to the water content (from around 8 to 10% w/w, see Table 1 ). From the lineshape of the 20 MHz relaxation time distribution, we assume that two mobile proton populations contribute to the relaxation signals (PM1 and PM2, respectively). All other components in soil are too rigid to be observed at 20 MHz due to the dead time of the instrument allowing for smallest relaxation times of 3 ms. This means that the organic components of soil (PR1) and very rigid water molecules in hydrogen-bonded networks (PR2), are expected to contribute mainly to the Gaussian line. While the organic components are expected to be less affected by mild heat treatment up to 110°C, the observed loss of amount of Gaussian lineshape is, therefore, expected to originate from the disruption of the water molecule network which then contributes to the Lorentzian lineshape. Table 4 . Assignment of the NMR signals obtained from the 1 H wideline (Lorentzian and Gaussian) and from the relaxation analysis at 20 MHz (slowly and fast relaxing components, respectively) to the hypothesized rigid (PR1, PR2) and mobile (PM1, PM2) proton populations (further details are given in the text). Mobile water. Based on these assumptions, the results from the 1 H wideline analysis can be interpreted as follows: indicated by the Lorentzian line intensity before heating (Fig. 4A) , treatment of peat with multivalent cations as well as desalination increases the proportion of mobile water protons. This effect is stronger for Al and H than for Ca . Considering the significantly lower water content in the Al and in the H sample, this effect may -among others -be caused by the reduction in amount of bound water in these samples. The Na sample and the control sample reveal the lowest proportion of mobile water molecules. In contrast, the proportion of mobile water in the soil samples is reduced by all treatments except Ca. H and Al show the lowest proportion of mobile water in the soil.
The 20 MHz relaxation rates indicate highest mobility of PM2 protons in the Na, H and control sample, and mobility of water molecules decreases with increasing cation valency. In contrast, the less mobile PM1 component of the H sample indicates a mobility almost as high as for the Ca and Al sample. Highest PM1 mobility can be observed for the H sample, followed by the Al sample. This difference suggests that in the H sample, especially the smallest pore regions are affected by significantly high intermolecular interactions which reduce the mobility of water molecules in their immediate vicinity, while all other sample treatments affected both PM1 and PM2 in the organic matter in similar manner.
Easily mobilised water. The increase in Lorentzian line after a 30 min heating event indicates easily mobilised water (Fig.  4B) . Easily mobilised water reacts differently in peat and soil on sample treatment. While it increases with increasing cation valency in the peat (Fig. 4A) , it decreases with increasing cation valency in the soil (Fig. 4B ). The H sample shows lowest proportion of easily mobilised water in the peat and highest proportion in the soil (Fig. 4C and D) .
This can be understood in a way that heating destroys water molecule bridge (WaMB) (Schaumann and Thiele-Bruhn, 2011 ) networks, and therefore, originally bound water molecules with high linewidth (contributing to PR2) become more mobile upon the heating event and contribute to a Lorentzian line after heating (Jaeger et al., 2011; Schaumann and Bertmer, 2008) . The increase in Lorentzian line before and after the heating event is larger for the soil samples, indicating that relatively more bound, but easily mobilised water is present in the soil samples. Thus, also PR2 contains an amount of protons located in easily mobilised water molecules. PM1 and PM2 belong to water molecules with slightly differing mobility as indicated by the slight differences in relaxation rates. Such slight differences in mobility may arise from a differing degree in immobilization by hydrophilic functional groups or metal cations. We suggest that water molecules experiencing immobilization from more than one side, belong to PM1, while water molecules experiencing immobilization only from one side, belong to PM2. Water in the outer hydration shell of cations or of the outer WaMB region, which is not additionally linked to organic matter, therefore, is expected to contribute to PM2. For this water, we would expect a significant influence of hydration enthalpy of the metal cation or the functional groups. The higher the valence of the cation, the higher is the hydration enthalpy, the lower the mobility and the higher the relaxation rate. Relaxation rate is, further, expected to be lowest in the absence of cations. The results for the slow component shown in Fig. 2B match these expectations. The relaxation time of PM2 is, thus, not necessarily a measure for the rigidity of a system, but could also describe the classical behavior of water binding.
In contrast, water involved in bridging between organic matter and cations or between two organic matter segments reveals two or more limits of freedom. It is, therefore, expected to be less mobile and to contribute to PM1, although not strongly bound to the binding centers or being located in some distance from them. This is nevertheless expected to result in higher relaxation rates due to the lower mobility. The mobility of such water molecules is expected to decrease with increasing spatial restriction from both sides and, the relaxation times could, therefore be interpreted as a measure for the rigidity of the microenvironment of the water molecules.
Consequences for ion-organic matter interactions
Peat samples. Fig. 5 shows the relation between the relaxation rate of the PM1 and PM2 components as a function of mobile water (Fig. 5A ) and of easily mobilised water (Fig. 5B) , respectively, for the 25°C treated samples. As discussed above, the relaxation rate is a measure for the confinement of water molecules. That means that decreasing relaxation rates indicate increasing mobility of water molecules.
There are clear relations between mobility, amount of mobile water and amount of easily mobilised water which further help to interpret the results. Fast and slow relaxing components show an opposite but significant trend: the relaxation rate of the fast relaxing component (PM1) decreases with increasing amount of easily mobilised water with the exception of the Na treated sample. This indicates a decrease in confinement of PM1 water with increasing amount of mobile water. In contrast, confinement of the slowly relaxing component (PM2) increases with increasing percentage of Lorentzian line, with the exception of the H sample. This means that the mobility of the PM1 fraction increases with increasing amount of mobile water, and the mobility of the PM2 fraction decreases with increasing amount of mobile water. Furthermore, for all cation treatments except Al, the proton relaxation rates increase with increasing amount of easily mobilised water (Fig. 5B) . The increase is significantly stronger for the PM1 fraction, which indicates that the easily mobilised water is closely associated with the PM1 water and more loosely associated with the PM2 water. The observation that Al samples reveal a very high amount of easily mobilised water, which does not confine PM1 and PM2 much stronger than Ca, suggests that the additional water induced by Al represents water in additional or larger WaMB.
In these terms, the decrease in relaxation time with increasing amount of mobile water goes along with a decreasing amount of WaMB water. This again demonstrates that PM1 water is either closely associated with WaMB water around cations or represents mostly WaMB water. The strong increase in PM1 relaxation rate with increasing amount of easily mobilised water suggests, however, that WaMB water represents a strongly confined PM1 fraction which should be regarded separately. Fig. 6 shows a conceptual model of the distribution of confined water around cations, forming CaB-WaMB-associations which can bridge large distances between functional groups. It shows the two fractions of mobile water and the fraction of easily mobilised water (WaMB water). WaMB water has been shown for all cation-treated samples, therefore we also have to assume presence of WaMB in Na treated samples. The observation that the amount of mobile water (Lorentzian percentage) increases with increasing cation valency (see, e.g., Fig. 5A ) for the three cation treatments, suggests a valency-dependent hygroscopicity of the sample as depicted in Fig. 6 . The increase in confinement of PM2 with increasing amount of mobile water is a clear consequence of the increasing range of influence of the cations with increasing valency.
From these general trends, there are some exceptions. The Na sample reveals a significantly lower PM1 proton relaxation rate than expected from the trend displayed in Fig. 5A . Interestingly, already the relaxation time analysis showed the Na sample as an exception, because the fast relaxing fraction PM1 is significantly more abundant (76%) than in the other peat samples (Table 2) . This suggests that all water molecules are less confined than in the other samples, but a higher percentage belongs to the more confined fraction (Fig. 6 ). In combination with the small but detectable amount of easily mobilised water, WaMBs are indicated, but in lower amount, size and lower strength than for the Ca and Al samples (Fig. 5B) . For the slow relaxation rate, H samples have a much lower relaxation time than predicted by the trend (Fig. 5A) , which is comparable to that of the Na sample for both fast and slowly relaxing component. This indicates lowest confinement and therefore weakest water binding for the H sample and the Na sample. Although the H sample has the lowest water content of all samples with changed cation status, it reveals the highest amount of mobile water. This is another indicator for weaker water binding in the H sample and is most probably a consequence of the low abundance of high energy binding sites. Na treatment thus destabilises the organic matter, indicated by the low relaxation rates of PM1 and PM2. The control sample reveals the highest rigidity, indicating that any treatment resulting in a change of cation status destabilizes the aged organic matrix.
The Al sample reveals a significantly high proportion of mobile and easily mobilised water ( Fig. 4A and C) and a high binding strength of PM1 and PM2 water (Fig. 2B and Fig. 6 ). The only small difference between the relaxation rates of the Al and the Ca sample suggests a comparable degree of crosslinking for these two cations in the peat, which is in contrast to the initial expectations. The difference between the organic soil sample and the peat could be due to the relatively low abundance of binding sites due to the low cation exchange capacity (123 mmol c kg -1 ) and the low pH. This confirms that crosslinking of carboxylate groups is not predominant in the peat sample. We assume that Al under these conditions retains its hydration shell and -as sole one out of the tested cationsbridges uncharged hydrophilic groups via outer sphere complexes (Kunhi Mouvenchery et al., 2012) and therefore generates a much higher amount or size of CaB-WaMB associations, which are not stronger than those for Ca 2+ in samples with higher abundance of carboxylate groups.
Soil samples. In contrast to the peat samples, the carboxylic groups in the soil samples reveal a significantly higher proportion of deprotonated carboxylate groups as indicated in Fig. 1 and is supported by their 13 C CPMAS spectra published elswhere (Jaeger et al., 2011) . Therefore, in all cation containing samples, interactions with the carboxylate groups are expected to contribute significantly to the NMR and matrix properties. Unfortunately, relaxation signals were too low to be detected due to the low content of water and organic matter. Therefore, only the 1 H NMR wideline results can be discussed here. Highest proportions of mobile water (PM) are observed in the Ca 2+ -containing samples (control, Na and Ca), and their proportion increases with increasing total Ca concentration in the samples. Due to the nature of the heating event experiment, the increase in Lorentzian line intensity can only be caused by disruption of interaction elements which can only slowly (days to weeks) be reformed. Thus, it can be excluded that the increase in Lorentzian intensity indicates classical hydration water. Therefore, water molecules associated with Ca 2+ ions and carboxylic groups are involved in WaMBs, suggesting cross-linking by Ca 2+ via outer sphere complexes in soil organic matter. Interactions between Al 3+ and organic matter could occur between both carboxylic and carboxylate groups. The low increase in Lorentzian intensity upon heating indicates that cross-linking by Al 3+ involves less water, and the data therefore suggest that Al-carboxylate interactions at least partly involve complexes with unhydrated cations and Al-carboxylic crosslinks involve complexes with CaB-WaMB associations.
Relations between the indicators for the water binding state and surface properties
Using the discussed NMR data, we tested to which extent the amount of mobile water and the water mobility are related with surface properties. For this, we compared the relaxation rate and the percentage of the Lorentzian line as indicators for the state of water binding with their sessile drop contact angles (temperature treatment 25°C). Fig. 5C and D show the dependence of the relaxation rate (peat only, see above), the percent- Fig. 4 , and relaxation rate of the fast relaxing component) for the 25°C-treated soil sample (C) and the 25°C-treated peat sample (D). Where invisible, error bars are smaller than symbol size. Please note that the relaxation signal was below detection limit in the soil sample, therefore no results for relaxation rates are shown there. ) derived from the relation between the proton NMR wideline spectroscopy, 1 H-NMR-relaxometry and their dependence on the cation treatment. The different degrees of blue visualize different degrees of confinement. Direct WaMB water is the most confined water and occurs in the Gaussian line prior to heating and in the Lorentzian line after a heating event. PM1 water is water closely associated to WaMB water and still involved in the WaMB, while PM2 water acts as loosely bound hydration water. Amount of WaMB water decreases with increasing cation valency and the differentiation between PM1 and PM2 decreases with decreasing cation valency. In the left cartoon, the blue ovals represent CaB-WaMB associations as described in Fig. 6 , red lines mark hydrophobic regions of SOM and dark blue circles represent hydrophilic functional groups. CaB-WaMB associations fix hydrophilic functional groups in the interior of soil organic matter and result in stronger exposure of hydrophobic regions to the outside of the organic matter. The situations in peat and soil differ with respect to the abundance of functional groups. A: In peat (hydrophobic surface), the low amount of functional groups are nearly completely involved in CaB-WaMB associations. B: In the soil sample, the degree of involvement of functional groups in such associations, the size of WaMB and the degree of water binding depends on the amount and type of cation involved. Differences in contact angle can be due to either difference in the thickness of the surface water film (right) or due to the degree of coverage of the surface by water (left). Three situations are outlined in the left column: (a) cations binding strongly much water, resulting in large CaB-WaMB but low amount of mobile water (e.g., Al); (b) cations with small and weak CaB-WaMB (e.g., Na); (c) cations with only intermediately strongly water binding, but significantly large CaB-WaMB (e.g., Ca) contributing partly the water film.
age of Lorentzian line before heating and the contact angle as a function of the actual water content for the soil sample and the peat sample, respectively. The initial soil-water contact angles, which were measured immediately after placing the droplet onto the surface, range from 60° to 90° for the soil samples and from 127° to 131° for the peat sample. Wetting behavior of the soil samples can thus be classified as moderately water repellent to the transition to hydrophobicity at 90°, while the peat sample is severely water repellent.
In the soil samples with changed cation status, the contact angle decreases significantly with increasing water content (P < 0.02), while the percentage of Lorentzian increases (P = 0.06). The relation between contact angle and percentage of Lorentzian is therefore also significant (P = 0.014). Thus, the wettability of the soil samples increases with increasing water content and increasing percentage of mobile water. Fig. 7 shows a conceptual model of wettability and its dependence on cation and WaMB status, derived from the results of this study. Soil and peat samples mainly differ from each other by the degree of SOM surface hydrophobicity. The SOM surface of the peat sample is so hydrophobic, that a water film cannot form any more (Fig. 7A) . In the soil sample, however, SOM surface hydrophobicity is low enough for water film formation. The less hydrophobic the surface is, the higher is the water content on the surface (Fig. 7B) . On the basis of the suggestion of Goebel et al. (2004) that wettability of the soil sample increases with thickness of a water film covering the soil particles (situation outlined on the right handside of Fig.  7B ), the mobile water indicated by the Lorentzian line can be understood as film water covering the particle surfaces, where wettability increases with increasing film thickness (Fig. 7B,  right) . Alternatively, wettability of the soil sample can be determined by the degree of surface coverage by water, according to the Cassie-Baxter theory (Adamson and Petry, 1997) , as sketched in Fig. 7B , middle. These observations suggest that the amount of mobile water expressed by the Lorentzian line is one indicator of soil wettability. In terms of the water film model (Goebel et al., 2004) the Lorentzian percentage could serve as a measure for either the thickness or the continuity of the water film covering the soil particle surfaces and determining the soil-water contact angle.
As the contact angles change with the cation treatment of the soil sample, we have to conclude that cation treatment affects not only the interior of soil organic matter via CaB-WaMB associations, but also the SOM surface hydrophobicity, which then determines thickness or continuity of the water film. Surprisingly, Ca treatment resulted in the lowest contact angle and therefore has the best expressed water film, while H and Al treatment resulted in strongest surface hydrophobicity and therefore in the thinnest or most discontinuous water film (Fig.  7B , right and middle column). This unexpected result can be explained with the interplay between amount and binding strength of hydration water of cations and cation-influenced organic matter. Al 3+ has the largest hydration shell, and the water is bound strongest among the investigated cations. Na + has the smallest hydration shell, and it binds water more loosely than Al
3+
. Ca 2+ has an intermediately large hydration shell, and water binding is also intermediate compared to Na + and Al
. Therefore, Ca 2+ may provide most water still bound loosely enough to contribute to the film water. This relation is sketched in Fig. 7B in the left column. In these terms, the situation in line a could be representative for Al treatment, in line b for Na treatment and in line c for Ca treatment.
Peat is already severely hydrophobic. Therefore, further effects of the cation status and water content on wettability are not expected unless significant amounts of water open the CaBWaMB association, resulting in a more swelling-like hydration. Although the differences in contact angles are quite small for the peat, the data suggest that the relaxation rate decreases slightly with increasing contact angle (Fig. 5B) , which would at least indicate stronger water binding with increasing wettability of the surface. However, the significance of this trend needs to be verified in further studies. The relation between percentage of the Lorentzian line and water content is not significant. This suggests that most water incorporated in the peat is involved in stronger water binding (PM1) and WaMB (Figs 6 and 7) . It further demonstrates that not only water in thin films but also other water types (involved in surroundings of WaMB, see Fig.  6 ) contribute to the Lorentzian line.
CONCLUSIONS
The results of this study confirmed that water binding in biogeochemical interfaces is controlled by CaB-WaMB associations bridging individual SOM segments, and that these bridges lead to changes in water binding, in the degree of confinement of mobile water and in wettability of the sample. According to our hypothesis, these supramolecular restructuring processes in the interior of the SOM matrix also control hydrophobicity at the SOM surface.
Comparing soil with peat we find a similar behavior regarding the relation of the percentage of mobile water to the wettability of the surface, i.e., the abundance of mobile film water increases with increasing wettability. Accordingly, water film thickness or its continuity on solid surfaces increases with decreasing contact angle. Taking this into account, we may conclude that the average sample information from the NMR analysis is correlated with the interphase information provided by the contact angle measurements as long as surface properties are determined mainly by the water film properties. For hydrophobic samples, the water film is not sufficiently expressed to control wettability. Here, SOM surface itself controls soil surface properties. Therefore, interpretation of the NMR results has to be done with care.
The finding that cations affect biogeochemical interfaces via their interactions with water and SOM moieties, might have significant implications since a few percent of organic matter and their ambient modification due to environmental physical conditions determine the physical, chemical, and biological functioning of the entire 3-phase ecosystem. WaMB and WaMB-CaB association are highly dynamic and can react fast on changes in environmental conditions. Due to dryingremoistening dynamics, changes in water content or in cation concentration are ubiquituous in soils under field conditions. Therefore, also the soil-water contact angle is affected by these dynamics. The soil sample showed that severe changes in contact angle have to be expected. Knowledge and understanding of these dynamics is urgently required in order to understand the functioning of biogeochemical interfaces in soil and to predict effects of dynamics in environmental condition on soil hydrology.
